Abstract--Storage devices can be used in a power grid to store the excess energy when the energy production is high and the demand is low and utilize the stored energy when the produced energy cannot meet the high demands of the consumers. This paper represents two different studies of micro grid consisting of a conventional synchronous generator, as well as renewable energy sources, energy storage, and loads in order to investigate the effective energy flow control and transient stability improvement by employing storage. Thermal storage, unlike electrical one (such as battery) is more environmental friendly, has longer life span, and is more effective in power flow control. In this paper, resistive type thermal storages are proposed and its stability effects on micro grids are evaluated. A suitable model is developed for the storage and the grid's stability analysis is adopted by using linearization methods. Consequently, by designing an optimal controller for the storage the stability of the micro grid is improved as verified through the simulations.
I. INTRODUCTION
icro grids are regarded [1, 2] as small power systems that confine electric energy generating facilities, mainly from renewable energy sources, and customer loads with respect to produced electric energy. They can be connected to the main grids or operated as isolated power systems [2] . In the micro grids, renewable energy sources can be integrated with local consumptions [2] . This, in turn, enables performance optimization and enhances the supply reliability [3] .
Although renewable energy resources such as wind and solar enhance the generation capability of a micro grid and address the environmental concerns [4] , they impose economic operation and stability challenges to the micro grid due to their unpredictable nature.
Power fluctuations caused by intermittent nature of the renewables should be smoothed to serve the demand more appropriately. The lack of correlation between the mentioned renewable energy sources' generation trends and that of the consumption challenges the economic operation of the power grid. The wind energy is mostly available during nights when the consumption is at its lowest level. Also, the peak energy from solar cells is produced in the middle of the day, which is usually not the maximum load time. The use of energy storage can improve the balance between generation and demand trends, and thus, will have a significant impact on the grids economic operation. On the other hand, the grid dynamics and its stability rely on the amount of stored energy in the micro grid. In a conventional power system with large number of synchronous generators as the main sources of energy, the mechanical energy in the generators' rotors, in the form of 1 Author is with the School of Electrical Engineering and Computer Science, Louisiana State University, Patrick F. Taylor Hall., Baton Rouge, LA 70803. Contact authors: smehraeen@lsu.edu.
This work was supported in part by NSF CAREER ECCS#1151141 kinetic energy, serves as the stored energy and feeds the grids in the event of any drastic load changes or disturbances. In micro grids, energy storage will have significant stabilizing effects on the system due to the low kinetic energy stored in the micro grids' generators such as wind turbines and small synchronous generators. Consequently, the effective dynamic power flow control and stabilizing mechanisms, which engage energy storage, are of paramount importance. Accordingly, the rising problem of imbalance between energy production and demand presented by solar and wind resources can be resolved using energy storage [5] . Storage devices can be used to store the excess energy when the production is high and the demand is low, and utilize the stored energy when the produced energy cannot meet the high demands of the consumers. Various storage technologies have emerged to fill the gap and accommodate the net demand variability [3] ; however, the most popular ones are electric and thermal energy storage.
The popular electrical storage devices are batteries and ultra-capacitors. Batteries have higher specific energy than ultra-capacitors, and thus, can provide an extra energy for a longer period of time [6, 7] . The thermal storage, on the other hand, stores the thermal energy in the form of a hot or cold medium.
Electric storage has attracted much attention recently due to their technological improvements and economic advantages [9] . In most proposed micro grid operation strategies, electric storage such as batteries is used to store energy when there is extra generation, then at peak times the stored energy is instilled to the grid through power electronic inverters [10] . This will help make the generation trend flat which contributes to the use of the reserve generation capacity more economically. However, a major portion of the stored electric energy is normally converted back to thermal energy due to significant thermal energy demand [11] . Close to 50 percent of the electric energy consumption in households, commercial, and industrial facilities are related to hot and cold water/air production in HVAC, water heater, and dryers [15] . Thermal (hot or cold) storage devices with proper insulation can store the energy for reasonable period of time and reduce the need of chemical batteries. Thermal energy storage is considered one of the most important advanced energy technologies and recently, increasing attention has been paid to the utilization of this essential technique for thermal applications ranging from heating to cooling [16] . Moreover, the power electronics associated with the electric storage, the sources of harmonic distortions which can be significant in micro grids with higher power ratio from the renewables to the conventional synchronous generators [12] , can be reduced by employing thermal storage.
Finally, thermal storage can be used to reduce the usage of batteries to decrease the amount of chemical disposals. [13] . Therefore, using thermal storage is more economic and environmental friendly [14] . Table I indicates the comparison between a battery and a thermal storage based on their energy parameters [13] . Consequently, in this paper, both analysis and simulations are performed to show the micro grid stability and demand response when storages are used. Thermal Energy Storage has been tested in various applications [11] already, but the focus here is on the potential of energy storage to provide effective energy flow control, stabilizing mechanism, and demand response. Simulations demonstrate that by applying storage, a better stability for the micro grid is obtained over the conventional power system stabilizers (PSS) and speed governor.
In this paper, we propose the following contributions to substantiate that by employing storage performance of micro grids is improved over conventional PSS and governor:
1) Dynamic behavior of micro grid components is shown to be improved and stability is recuperated faster by storage 2) Storage's performance is robust against the sudden change of load which is desired for a micro grid network.
3) Storage provides a flatter energy generation trend despite the intermittent nature of the renewable resources. In order to achieve these goals, first a proper micro grid linearized model is developed to include the storage. Then, an optimal storage power controller is designed, using the micro grid linearized model and LQR optimal controller, and applied to the system. This paper is organized as follows. First, micro grid model development, as well as power system stabilizer, governor, renewable energy sources and the thermal storage models are introduced in the next section. The stabilizing storage controller design is introduced in section III. Finally, the theoretical conjectures are verified through simulations in section IV followed by concluding remarks in section V.
II. MICRO GRID MODELING AND THERMAL STORAGE
The first proposed micro grid is an isolated system comprised of a conventional synchronous generator powered by a steam turbine, constant and variable loads, energy storage, and renewable sources of energy (wind and solar) which are connected to the grid via power electronics and transformers. The second micro grid in this paper is connected to the main grid and like the first model is comprised of a steam turbine, loads, storage, and distributed generation. This second system represents the Louisiana State University (LSU) micro grid. In both cases, synchronous generator is equipped with power system stabilizer and steam governor. The renewable sources operate at maximum available power (from wind or solar) to save costs of extra control mechanisms such as pitch control as well as to exploit the maximum natural energy. Thus, their power is subject to change as the ambient energy fluctuates. In the rest of this section we model different equipment of the proposed micro grid.
A. Synchronous Generator Model
The micro grid can be represented by a set of differential and algebraic equations to be solved simultaneously where the differential equations represent the synchronous generator and the algebraic equations describes the power balance in the micro grid. In this paper, we model the synchronous generator using the flux-decay model (oneaxis model) given by the following equations [17] as In addition, the following algebraic equations are used to express the model of the synchronous generator
where s R is the stator resistance; t V is the terminal voltage; 
where s T and w T are the sensor and washout time constants whereas
are lead and lag time constants.
Finally, the steam turbine governor is used to provide and control the mechanical power to the generator. The speed governing system consists of proportional regulator, a speed relay, and a servomotor while the steam turbine consists of steam chest and reheaters. The governor is represented as
where sr T and sm T are speed relay and servo motor time constants respectively while 3 T , 4 T , and 5 T are the steam turbine time constants, and 2 F and 3 F are turbine stages torque fractions.
B. Thermal Storage Model
In this paper, resistor type thermal storage which uses resistive thermal elements to produce heat is proposed.
In the resistor type thermal storage, the consumed power in the thermal storage is controlled through changing the number of parallel resistors where the storage power controller dynamically changes the total resistance (i.e. variable resistance) of the thermal element. In this case, power electronic equipment, the major source of harmonic distortion, is not required. The resistive type thermal storage is more convenient in handling fast power transients caused by disturbances due to its faster dynamics. The resistive type storage can be used to mitigate slower power fluctuations caused by intermittent renewable energy sources.
First, we develop the resistive type thermal storage model. The consumed power in resistive type storage is controlled by changing the number of parallel resistances which can be interpreted as a variable resistance. If i V is the voltage across the resistance R, power si P is given by
In other words, the total power absorbed by the resistor type storage is given by (10) as
where si G is the variable conductance
of the thermal storage.
C. Power Balance Equations
The power balance equations for the generator bus i (i=generator bus number) are given in (11) as 
D. Renewable Energy Source Model
Since there is no control on the power generated by the renewable sources and these sources are connected to the micro grid through power electronics, they are modeled as variable generations where their powers vary with the ambient energy variations such as changes in the wind speed or the solar radiation. Thus, the renewable sources can be modeled by power balance equations (i=renewable bus number) given in (13) as where and are the active and reactive generated powers by the renewable sources and subject to change as the ambient energy change.
III. CONTROLLER DESIGN The goal of the control in this paper is to employ the storage active power as a means of improving the micro grid stability and provide a smooth demand response when disturbances occur or environmental energy fluctuates. The control input signal is the conductance of the resistive thermal storage si G u . In order to design a proper controller we employ the linearization techniques to reduce the differentialalgebraic equations mentioned in the previous section to pure differential equations [17] . For simplicity of the control design, we restrict our design to the case with constant loads in the modeling section; however the method is evaluated using variable loads as well. Also, the exciter reference voltage ref V
(in Fig. 1 ) is considered constant for the control design;
.The resistor type thermal storage, as explained in the previous section, is modeled by a variable conductance and the consumed power is controlled though changing the conductance.
A. State Space Model
The vectors of state and algebraic variables are defined in (14) and (15) Fig. 1 Consequently, the system can be represented by the following set of dynamic equations
where
when the storage is of resistive type. In these expressions , , , , ,
and E represent the corresponding system matrices obtained by arranging the coefficients considering equations (1) through (13) . By solving (17) for y ' and replacing it in (16) we obtain
Equation (18) represents the state space model for the micro grid for which a proper stabilizing controller u ' is to be developed. Here the linear quadratic regulator (LQR) is chosen to control the speed oscillations in micro grid due to guaranteed performance of such controllers and their robustness. According to the optimal control theory the linear-quadratic regulator, through an optimal control input, tends to minimize a quadratic cost function of the control input and the state variables, and thus, reach the steady state condition with minimum cost [21] .
Consider the continuous-time linear system described by the following state space representation Bu Ax x (19) and the proposed cost function J as In the proposed micro grid, the appropriate K is obtained using (21) to minimize the cost function
In order to build a proper controller for the system, the states X ' in (14) must be available. The required states can be directly measured or reproduced using an observer. In Design 1, by using the observer the states are reproduced using the micro grid model introduced in the equations in the neighborhood of the equilibrium e x , and thus, need not be measured. In other words, it is observed that all the components of vector X ' can be obtained from the measured speed Z and the generator voltage t V (Fig. 1) . However, the generator voltage might be unavailable to the controller due to possibly long distance. Though the generator voltage is different from that of the storage bus, the measured thermal storage bus voltage can be utilized and considered to be equal to the generator voltage and fed into the controller instead, which will cause an acceptable error. Hence, the controller produces the input u ' , which is used to control the thermal storage power. However in Design 2, the states are directly measured and fed through the controller to produce the input u ' .
IV. SIMULATION RESULTS
The proposed micro grids are simulated under different conditions in this section to evaluate the effectiveness of the storage and the proposed controller design.
A. Simulation Example 1
For the first simulation, the system in Fig. 2 is designed. This system is built in MATLAB/Simulink and consists of a 600MW synchronous generator to provide power at 22 kV. The generator models either a single large generator or an aggregation of a few small generators in a station in the city or in a close neighborhood. A Y-Y transformer steps down the voltage to 1.5 kV which is the voltage at which the loads (distribution network on consumers' side in the micro grid) operate. The loads have a power factor of 85% and represent the residential and commercial customers whereas all the thermal storage devices, including residential and commercial are modeled as a lumped thermal storage in the simulation. The renewable energy sources are modeled as the current source with resistance in parallel and they provide powers at constant phase angle.
Although it is conventional to ignore the stator dynamics in transient simulations; that is, using synchronous generator oneaxis or two-axis models, here we simulate the generator using a more detailed model including stators dynamics. However, the controller employs the generator one-axis model, as proposed in (1)- (8) to provide the storage control signal. In Addition for simplicity the lines resistances are ignored through control design procedure. For each case the simulation is studied to observe the improvement in the behavior of the power system dynamics due to resistor type thermal storage over the power system stabilizer and governor after a fault, during unpredictable slow changes of renewable sources generations, and after a sudden load change in the system. Also, each result is compared with the outcome obtained using a battery storage in the system. In the case of thermal storage and battery, the original power system stabilizer and governor are retained. The optimal controller with both thermal and battery storage employs R=.65 and Q=diag (1, 1, 100, 1 …1) . It should be mentioned that the weight of speed in weighting matrix (Q) and the weight of input (power of thermal storage) in matrix R are considered significantly larger than others as the frequency error damping with minimum effort is the main goal of the controller. In all simulations, the thermal storage has an initial (steady state) power, which is equal to the thermal power delivered to the buildings, and thus, no energy is stored in or extracted from the storage. During the disturbances, the power is different from the steady state and energy is stored or extracted from the thermal storage, and thus, the stored energy level is changed.
Firstly, the frequency oscillations in the micro grid right after a fault is investigated with and without using thermal storage. For this purpose a three-phase fault is introduced close to the generator at s t 8 and cleared at s t 2 . 8 . Fig. 3 compares the damping effect of the PSS and governor with and without thermal storage and battery, which shows that damping behavior is improved by operating the thermal storage. The absorbed/delivered power by the storage before and after the fault (steady-state) as well as during the fault (transients) is depicted in Fig. 3b .
Comparison of the performances of the thermal storage with the battery in Fig. 3(a) demonstrates that although the battery can stabilize the system, the thermal storage still works better, which is due to higher absorbed power of thermal storage. According to Table I , the charging (absorption) power of the battery is normally 40% of absorption power of the thermal storage with the same capacity; however, their discharge (injection) powers are the same.
In the simulation, hard limits are set on the battery power, accordingly, to limit its absorption power. Here the maximum discharge power level of the battery is set equal to the thermal storage maximum absorption power (about 40MW). Moreover, since battery has no steady-state power consumption, the battery power stays at zero during steady-state operation.
Next, the effect of a sudden change in the load is investigated in the micro grid. Fig. 4 shows the case when total load in the system suddenly decreases by 20% at s t 8 . The thermal storage offers a rapid power compensation to improve the dynamic stability of the micro grid while the absorbed power of battery tends to exceed its maximum as seen in Fig.  4(b) . Also, as seen in Fig. 4 , the designed controller is robust and works even when the 20% load change in the system. Finally, the effect of sporadic nature of renewable sources in the micro grid is investigated and the demand response through power adjustment in the storage is observed. Here, the total generated power of the renewables is subject to change as shown in Fig. 5 as a result of a change in the ambient energy. After introducing the change in the renewable power source, the responses of the micro gird with and without storage are simulated. However, as observed in Fig. 6(b) , in the case when only PSS and governor try to stabilize the system the voltage drop is substantial compared to the case when thermal storage or a battery is working with the grids. Although there is no direct control on reactive power, as the result of frequency control the voltage regulation improves as well.
The change in the power generated by the renewable source is usually not as smooth as discussed above. The generation of power follow erratic path not easily recorded. Hence, to confirm that thermal storage is a better option in the micro grids in either case, one more simulation is performed assuming that the power produced by the renewable source is as random as shown in Fig. 7 . Thus, for the final part of the simulations in the first design, the renewable sources powers in the micro grid are subject to change as shown in Fig. 7 . The Fig. shows the irregular power generated by the renewable sources in the system that can increase or decrease depending on the various factors. As seen in Fig. 6 above, the thermal storage and battery work in a similar manner to establish flatter trend in the grid. Hence, in this segment the result of battery is not shown.
Similar to the previous case, Fig. 8 (a) displays that no considerable frequency oscillation is observed in the system when only PSS and governor are working. However, as suggested in Fig. 8(b) the voltage profile improves substantially when thermal storage is used in addition to PSS and governor again as the byproduct of frequency control. 
B. Simulation Example 2
Next, we perform our simulation and analysis on Design 2. The second topology is similar to the LSU micro grid system. The generator and the transformer parameters were obtained from the facility services at LSU. This system is initially built in ETAP to obtain the initial parameters in per unit. This LSU micro grid has a gas turbine of power 20 MW operating at 13.8 kV which is modeled as a synchronous generator with the parameters given in Table II . The rest of the campus required power is provided from Entergy's main transmission grid modeled as an infinite bus in the ETAP system. The main transmission grid has a high voltage of 69kV which is stepped down to 13.8 kV through Delta-Y transformers. The power is transmitted to different regions of LSU at 13.8 kV and is stepped down to 4.16 kV for operation. After obtaining the initial bus and line parameters from the ETAP model, load flow is obtained using MATLAB code. Compensators are added to the system to maintain the voltage profile of the system. The renewable sources are modeled in this topology as constant power sources that can fluctuate. The states are produced directly (without observers) and fed through the controller to obtain our input for the system. Transient simulation is performed in MATLAB and we follow similar approaches as discussed in sections above. We utilize LQR controller as a proper stabilizer in the system. In order to simulate the battery, a similar model to the thermal storage is utilized for the reasons already discussed above. The controllers employs R=100 and Q=diag (1, 100, 1, 1, 1 … 1 ) to increase the frequency damping effect. Then, the following cases are simulated.
A fault is introduced near the synchronous generator at t=15.5s and cleared at t=15.7s. Then, the program gives the results first without the storage, the oscillations of the 20MW generators are recorded and then the controllers are introduced in the form of thermal storage and battery. Fig. 9 (b) demonstrates that as discussed in previous sections the charging (absorption) power of the battery is normally 40% of absorption power of the thermal storage with the same capacity. Here, the full capacity of the thermal storage is about 0.2 pu, and hence the battery has the absorption power of about 0.08pu. However, their discharge (injection) powers are the same. Fig, 9(a) illustrates the speed of the generator, and from the figure we conclude that with controllers the system comes to a steady state faster and with less oscillation compared to that of only PSS. For the second case study, the load of 0.8 pu is added in bus 2 when t=12s and removed when t=13s to create sudden load change. Fig. 10 below depicts that a sudden change in the load causes fluctuation in the system. When the storages are applied to the system the oscillation is considerably less.
As indicated in Fig. 10(b) , the battery absorbs 40% of absorption power of the thermal storage with the same capacity. Fig. 10(a) illustrates the frequency of the generator in rad/s and in these figures we observe that the system performs better in damping the oscillations when batteries or thermal storages are present in addition to just the power system stabilizer.
Finally, a varying power generation as shown in Fig. 11 is introduced in the model. Fig.12 (a) illustrates the oscillation caused in the system due to the intermittent nature of the renewable energy source. In this figure we distinguish that without the storages the oscillation is more and the fluctuation fades away faster when controllers (battery or thermal storage) are in use. Fig.12 (b) demonstrates the voltage profile at a selected bus due to the varying nature of renewables. As seen here, when thermal storage is used with PSS, the voltage drop is much less compared to the case when only PSS and governor are used. V. CONCLUSION This paper presents a model of a micro grid and employs the thermal storage under various circumstances to improve the micro grid stability and demand response. The proposed model and the simulations demonstrate that by using storages in a micro gird stability improvement is achieved over PSS and governor in fast transient as well as in the case of changes in the renewable sources power generations. Similarly, thermal storage has proven to work better than a battery in achieving the goals due its higher absorption powers. Finally, storage performs effectively to avoid the oscillations due to sudden change of load in the network. Hence, the simulation results verify the great damping effect of the storages to improve the dynamic stability and demand response of the micro grid.
